ABSTRACT. Non-steroidal anti-inflammatory drugs (NSAIDs) are widely-used medications for the treatment of many inflammatory diseases. . They inhibit cyclooxygenase (COX) enzymes as a primary mechanism of action. However, many of these drugs were withdrawn from the market because of cardiovascular side effects. To date, only a limited number of genes and specific gene variants that account for their cardiac toxicity have been investigated. To identify possible cardiotoxic effects, we performed a microarray analysis of NSAIDs-treated primary cardiomyocytes. Primary cultures of neonatal rat cardiomyocytes were established and a DNA microarray was run on extracted RNA from celecoxib and diclofenac-treated cardiomyocytes. The changes in gene expression for all potentially predisposing variants were investigated. In cells treated with celecoxib, the expression of 1718 and 560 genes decreased and increased respectively by 2-fold or more. When cells were treated with diclofenac, the expression of 424 and 32 genes decreased and increased respectively by 2-fold or more. NSAIDs affected the expression of genes involved in calcium and potassium signaling. Pathway analysis of gene expression of NSAIDs-treated cardiomyocytes showed changes in gene expression involving major pathways, including apoptosis, signal transduction and transcription. These findings provide a clue to explain, at least in part, how NSAIDs provoke side effects in the heart. These data could be used to elect target genes for studying cardiotoxic effects of NSAIDs and for developing new drugs.
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INTRODUCTION
Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used as antiinflammatory and analgesic drugs. NSAIDs inhibit cyclooxygenase (COX) enzymes as a primary mechanism of action (Palayoor et al., 2012) . Recent evidence indicates that NSAIDs interfere with a variety of cellular processes, including signal transduction, transcription, DNA repair and cell-cycle progression (Jones et al., 1999; Lin et al., 2004; Raju et al., 2002; Tegeder et al., 2001; Tseng et al., 2002; Wei et al., 2004) . NSAIDs have received considerable attention in cancer and pre-clinical studies because of their anti-tumor effects (Yin et al., 2016) .
Nonspecific COX inhibitors can cause gastric and renal toxicity, attributed to the inhibition of COX-1-derived prostaglandins (Wolfe et al., 1999) . Selective COX-2 inhibitors, such as diclofenac and celecoxib, were introduced later and had less gastrointestinal side effects but they have been associated with a higher risk of cardiovascular events compared to the dual specific COX inhibitors (Brophy, 2005; Ferraz et al., 2000; Wolfe et al., 1999) . Even short-term usage of NSAIDs increases the risk of recurrence of myocardial infarction (Schjerning Olsen et al., 2011) . To date, few studies have investigated the cardiotoxic effects of selective COX-2 NSAIDs and even fewer have provided a comprehensive evaluation of a probable genetic basis.
We treated primary cultures of neonatal rat cardiomyocytes with celecoxib or diclofenac and then analyzed their global gene expression using a microarray assay versus a no treatment control. Our objective was to provide a comprehensive list of potential off-target genes involved in the cardiotoxicity of NSAIDs. We focused on changes in physiological pathways, calcium (Ca +2 ) and potassium (K + ) channels.
MATERIAL AND METHODS

Animals and materials
Sprague Dawley rats were purchased from the Koatech Central Laboratory (Pyeongtaek, Korea). Dulbecco′s minimal essential medium (DMEM) was purchased from Gibco (Carlsbad, CA, USA). Reagents used in the preparation and analysis of the microarray were purchased from Agilent Technologies (Santa Clara, CA). All other reagents and antibodies were purchased from Sigma-Aldrich (St. Louis, MO).
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Cardiomyocyte primary culture preparation
One-day old rats were anesthetized using ether, and ventricles were harvested and collected in 1X PBS. A 1-3 mm minced portion of each sample was briefly centrifuged to remove the remaining blood cells, shaken on ice for 20 minutes and then transferred to a 40 ml conical flask filled with 0.08% trypsin solution. The flask was centrifuged at 2000 rpm at 37°C for 10 minutes and briefly precipitated on ice. The supernatant was transferred to a 15 ml tube and centrifuged at 10000 rpm for 5 minutes. Trypsin digestion was repeated 2-3 times depending on the amount of tissue remains in the supernatant. Primary cultures were established on DMEM medium containing 10% fetal bovine serum (FBS), 100 units/ml penicillin and 100 mg/ml streptomycin and then incubated at 37°C/ 5% CO 2 for 24 h as described in Rodgers et al. (2009) . Animals were maintained according to the guideline for the care and use of laboratory animals. Experimental protocol was approved by the Institutional Animal Care and Use Committee of Gyeongsang National University (Jinju, Republic of Korea).
NSAIDs treatment
IC50s were obtained for celecoxib and diclofenac using hERG, MTT assays, and electrophysiology and final concentrations were determined (16 uM) for celecoxib and (40 uM) for diclofenac (Baek et al., 2010; Yarishkin et al., 2009) . Cultures were treated with either drug using 1, 1/5 or 1/25 of the reference dose and for 6h or 24h; six samples were run for each drug (three doses and two time points). The other experiments were run in triplicate; two controls of untreated cardiomyocytes were used for each drug.
Microarray analysis
Total RNA was isolated using TRIZOL reagent. A portion of the RNA was electrophoresed on an -agarose-formaldehyde gel to verify RNA quality according to the reference value used for the cDNA microarray with a NanoDrop spectrophotometer (NanoDrop Technologies, Delaware, USA). Samples with RNA ratio > 1.8 (OD 260/280) were considered adequate for the microarray analysis. The Agilent Total RNA Nano chip assay (Agilent Technologies, Palo Alto, CA) was used along with (Agilent Bioanalyzer 2100) to run the array. Images were acquired with GenePix Pro 6.0 software (Axon Instruments, Union City, CA).
Image and statistical analysis
The one-color images were scanned using Agilent's DNA microarray scanner and quantified with Feature Extraction Software (Agilent Technologies, USA). Extracted data were processed using GeneSpring GX 7.3 software (Axon Instruments, Union City, CA) to obtain normalized ratios (fold changes), clustering of gene expression and pathway analysis. Loess regression was used as described in Smyth and Speed, (2003) to adjust against systematic errors. Relative gene expression of celecoxib and diclofenac-treated cardiomyocytes compared to untreated controls (> 2 fold change) were considered significant using Welch's t-test when p < 0.05).
RESULTS
Changes in gene expression of celecoxib and diclofenac-treated cardiomyocytes
We analyzed genes expression of neonatal rat cardiomyocytes using a DNA microarray assay. Out of 40,012 genes, from cells treated with celecoxib, the expression of 1718 and 560 genes decreased and increased respectively by 2-fold or more. When cells were treated with diclofenac, the expression of 424 and 32 genes decreased and increased respectively by 2-fold or more. Figure 1 shows a hierarchical cluster dendrogram of gene expression changes in celecoxib-and diclofenac-treated cardiomyocytes, and a complete dataset of normalized and raw microarray data can be found at NCBI's Gene Expression Omnibus (Barrett and Edgar, 2006) and is accessible through GEO Series accession number GSE77591 for celecoxib (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE77591) and GSE77880 for diclofenac (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE77880). Treating cardiomyocytes using different doses and for different durations induced variable gene expression patterns (data not shown). In general, the smaller the dose the fewer the altered genes, which were also included in the high dose effect. However, we observed a wider effect of small doses when cells were treated for longer ( Fig. 1 A, B) . Celecoxib produced a broader scatter plot than Diclofenac (Fig. 1 C, D) .
Pathway analysis
Pathway analysis of gene expression of celecoxib and diclofenac-treated cardiomyocytes showed changes in major pathways, including: apoptosis, interleukin binging, signal transduction, immune response and transcription. The numbers of altered gene expression patterns were comparable between the two drugs though the patterns differed, suggesting different mechanisms of action.
Genes encoding receptors and intermediators of MAPK (mitogen-activated protein kinase), among other pathways, were altered in celecoxib-and diclofenac-treated cardiomyocytes. These changes in gene expression included up-regulation of TGFBR (transforming growth factor beta receptor), Ras and NF-κB (nuclear factor kappa-light-chainenhancer of activated B cells) and down-regulation of FGFR (fibroblast growth factor receptor), PKA (protein kinase A) and PTP (protein tyrosine phosphatase). Tegeder et al. (2001) reported that NSAIDs interfere with transcription factors through similar intermediates.
Effects on calcium signaling
Treating cardiomyocytes with celecoxib and diclofenac generated changes in the expression of genes involved in Ca +2 signaling. Celecoxib (Table 1 ) and diclofenac (Table 2 ) induced off-target changes of different genes, suggesting different mechanisms. Celecoxib induced a wider effect on gene expression in terms of number and diversity, including genes expressing voltage dependent Ca +2 channels, N type, protein kinases and neurotransmitters receptors. However, most changes occurred in genes encoding receptors of regulatory cues in the cardiovascular system, including vasopressin, angiotensin II, cholinergic and prostaglandin E in the case of celecoxib, and only coagulation factor II and neurotensin in the case of diclofenac. 
Effects on potassium signaling
Both drugs induced changes in the expression of genes involving K + channel families and subfamilies such as V, shal-related, shaker-related and K subfamilies in the case of celecoxib; shaw-related and 12 subfamilies in the case of diclofenac (Tables 3 and 4 ). Both induced changes in members of the H and M subfamilies. Celecoxib impacted the KCN (K + channels) family, which is related to regulatory functions in the neural and cardiovascular systems (Mackie and Byron, 2008) . 
DISCUSSION
We found that celecoxib and diclofenac induced wide-scale changes in the gene expression of neonatal rat cardiomyocytes. Pathway analysis of the microarray data showed changes in critical cell processes, including transcription, signal transduction and apoptosis. Genes encoding Ca +2 and K + channels were affected by both drugs. The different effects of these NSAIDs may be attributed to the fact that these drugs exhibit a wide range in IC50 inhibition of COX-1 and COX-2, due to differences in chemical structure and pharmacological properties. The duration of exposure to the drug was also an important factor.
NSAIDs were once commonly used in patients with degenerative osteoarthritis, rheumatoid arthritis, or ankylosing spondylitis. However, they require great attention because of side effects, such as gastro-intestinal ulceringor perforation and cardiovascular dysfunction. Some of these drugs have been under intense scrutiny since 2004, when Vioxx was voluntarily withdrawn from the market due to an increased risk of myocardial infarction and stroke in patients taking this medication for long periods (Marnett, 2009) . These events are frequently associated with electrical instability and reduced contractile force of the ventricles (Yarishkin et al., 2009) .
We previously reported that celecoxib, a selective COX-2 NSAID, interrupted excitation contraction coupling in cardiomyocytes (Baek et al., 2010) . Another recent study shows that high doses of NSAIDs alters expression of genes regulating the cell cycle, proliferation, signal transduction, DNA damage and repair, apoptosis, autophagy and the inflammatory response (Palayoor et al., 2012) . Recently, a study investigated the cardiovascular side effects of celecoxib and diclofenac and their effects on vascular smooth muscle through ion channels (Brueggemann et al., 2009) . Several mechanisms are involved in cardiotoxicity including stress-response proteins (heat shock cognate 71 kDa protein, mitochondrial stress 70 protein and mitochondrial heat shock protein 60), cytoskeletal proteins (myosin regulatory light chain 2 cardiac muscle isoform, tropomyosin α-1 chain, myosin light chain 3, cardiac actin isoforms, prolyl 4-hyroxylase) and proteins involved in membrane assembly (Golgi reassembly-stacking protein 2 and septin-8) (Baek et al., 2010; Bläser et al., 2002; Takahashi et al., 2002) . We found similar alterations in off-target gene expression, which may contribute to previously reported cardiotoxicity. These results are consistent with a previous study based on proteomic analysis of NSAIDs-treated primary cardiomyocytes (Baek et al., 2010) .
Here, we found that expression of key genes related to K + channels (Kcnmb1 and Kcnmb3) were down-regulated in celecoxib and diclofenac-treated rat cardiomyocytes, and other Ca +2 channels related genes were up-regulated or down-regulated. The combined effects of NSAIDs on L-type Ca +2 channels and K + channels may contribute to the cardiovascular side effects by vasodilation and/or vasoconstriction. It is uncertain whether the effects of celecoxib and diclofenac on K + channels and Ca +2 channels are dependent on and share a common signaling intermediate upstream pathway.
Generally, in vascular myocytes, suppression of K + currents typically leads to Ca +2 influx and vasoconstriction, whereas an increase in K + channel activity is typically associated with vasodilation (Standen and Quayle, 1998) . As previously reported, Celecoxib inhibits voltage gated K + channels in several cell types, including rat retinal neurons and cardiac myocytes (Frolov et al., 2008) . Brueggemann et al. (2009) influx, smooth muscle contraction, and vasoconstriction (Standen and Quayle, 1998) . In contrast, activation of K + channels or inhibition of L-type Ca +2 channels in cardiovascular smooth muscle accounts for the vasodilatory activity of celecoxib and diclofenac. Moreover, Sowers et al. (2005) reported that celecoxib reduces blood pressure by suppression of L-type Ca +2 channels, resulting in vasorelaxation (Sowers) . Our study focused mainly on genes related to cardiovascular function. Recently, array technology has been used for studying the side effects of NSAIDs on various organs (Tseng et al., 2002) . In our study, we did not attempt to validate our results using in vitro experiments, which we recommend for further studies. Furthermore, our data show different gene expression patterns of the two drugs without giving any clear idea about possible mechanisms of action.
These experimental results could serve as the basis for further investigations to allow mechanistic insights into the biology of NSAIDs action. We suggest that this study could be used to help search for potential candidates for preclinical drug fingerprinting and to identify drug targets with a view towards optimizing drug efficacy and minimizing side effects.
In conclusion, this study provides a comprehensive analysis of gene expression in NSAIDs-treated cardiomyocytes. We provide clear evidence at the gene level that both types of ion signaling and MAPK signaling pathways are significantly affected by celecoxib and diclofenac. These findings provide a clue to explain, at least in part, how NSAIDs such as celecoxib and diclofenac cause side effects in the heart. These gene expression changes could be used to elect potential candidates for preclinical drug fingerprinting to identify drug targets with minimal side effects. Further studies are needed to demonstrate the role of these genes in human cardiomyocytes.
